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ABSTRACT

In this study, a method for producing third-generation biodiesel from Chlorella vulgaris (C. vulgaris) cultivated in dairy waste water
is reported. The lipids were removed from the biomass, and biodiesel was produced through transesterification. The biodiesel was
evaluated based on ASTM and EN standards, including density, viscosity, heating value, and flash point. Gas chromatography was
used to determine the content, composition, and type of fatty acid methyl esters. The results revealed a 93% biodiesel yield with a
composition of 33% saturated, 28% monounsaturated, and 37% polyunsaturated. Engine testing was conducted to monitor CO,
CO,, NOx, and smoke emissions, as well as assess biodiesel performance. The findings show that C. vulgaris cultivated in dairy
wastewater can be used to produce third-generation biodiesel. The proposed method valorizes dairy waste water and might serve
as an appropriate replacement for biodiesel generation and wastewater disposal.
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ABSTRAK

Dalam penelitian ini, dilaporkan metode untuk memperoleh biodiesel generasi ketiga dari Chlorella vulgaris (C. vulgaris) yang
dibudidayakan dalam air limbah susu. Lipid diambil dari biomassa, dan biodiesel diproduksi melalui transesterifikasi. Biodiesel
dievaluasi berdasarkan standar ASTM dan EN, termasuk densitas, viskositas, nilai kalor, dan titik nyala. Kromatografi gas
digunakan untuk menentukan kandungan, komposisi, dan jenis ester metil asam lemak. Hasil penelitian menunjukkan hasil
biodiesel sebesar 93% dengan komposisi 33% jenuh, 28% tak jenuh tunggal, dan 37% tak jenuh ganda. Uji mesin dilakukan untuk
memantau emisi CO, CO,, NOx, dan asap, serta menilai kinerja biodiesel. Temuan menunjukkan bahwa C. vulgaris yang
dibudidayakan dalam limbah susu dapat digunakan untuk memproduksi biodiesel generasi ketiga. Metode yang diusulkan
memanfaatkan limbah air susu dan mungkin dapat menjadi pengganti yang tepat untuk produksi biodiesel dan pembuangan air
limbah.
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1. INTRODUCTION

Water pollution from dairy industries represents a serious environmental challenge in many countries, primarily due
to the high pollutant load discharged in effluents and the large volumes of water required during processing (Raghunath
et al. 2016; Choudhury et al. 2021). Dairy wastewater is typically rich in lipids, proteins, carbohydrates, and significant
concentrations of nitrogen and phosphorus compounds. On average, the dairy sector generates between two and five
liters of wastewater per liter of processed milk product (Dongre et al. 2020).

In recent years, increasing attention has been directed toward the use of microalgae for wastewater treatment across
various industrial sectors, due to their ability to remove both organic and inorganic contaminants You et al. 2022). Most
existing studies focus primarily on microalgae as a nature-based or phytoremediation technology aimed at pollutant
removal, particularly for metals and hazardous substances. However, a significant research gap remains in integrating
wastewater treatment with the simultaneous production of value-added bioproducts under optimized and scalable
conditions, especially in the context of dairy effluents. Over the last decade, the concept of using wastewater as a
cultivation medium for microalgae has emerged as a promising strategy to simultaneously address environmental
remediation and resource recovery. Microalgal biomass can be further exploited for the production of high-value
compounds with applications in pharmaceuticals, cosmetics, and the food industry (Gramegna et al. 2020). In this
framework, microalgae offer a dual benefit: reducing the environmental burden associated with dairy wastewater disposal
while enabling waste valorization into economically relevant products (Silva et al. 2018). Nevertheless, limited studies have
comprehensively evaluated the full process chain—from wastewater treatment to downstream biofuel production and fuel
quality assessment—within a single, integrated system.

Microalgae possess the ability to assimilate organic pollutants and convert them into cellular constituents such as
lipids and carbohydrates. Unlike conventional bioremediation systems based on vascular plants, which primarily target
inorganic compounds, microalgae can simultaneously utilize both organic and inorganic nutrients, enhancing treatment
efficiency. Furthermore, microalgal biomass can contain up to 70-80% lipids (dry weight under optimized conditions),
making it a highly promising feedstock for biofuel production (Brennan and Owende, 2010; Wang et al. 2010; Chisti 2007;
Ratomski and Hawrot-Paw, 2021). Microalgae have been widely recognized as a key resource for third-generation biofuels
(Mata et al. 2010; Chen et al. 2018), addressing many limitations associated with first- and second-generation biofuels,
such as land use competition, high water demand, and climate dependency. Among various species, Chlorella vulgaris
has attracted particular attention due to its high lipid productivity and adaptability to diverse environmental conditions
(Hosseini and Shariati, 2009; Tao et al. 2017). Additionally, C. vulgaris is widely used in food, nutraceutical, and
pharmaceutical applications, with documented health benefits including antioxidant, anti-inflammatory, and lipid-lowering
effects (Gouveia et al. 2007; Galasso et al. 2019; Martins et al. 2021). Despite these advantages, there is still a lack of
studies that systematically investigate the coupling of dairy wastewater treatment with lipid extraction, biodiesel production,
and compliance with international fuel standards (EN and ASTM), particularly using C. vulgaris under realistic cultivation
conditions.

To achieve high biomass productivity and lipid accumulation, cultivation parameters such as nutrient availability,
temperature, and light must be carefully optimized. Although synthetic media are commonly employed, their high cost
limits large-scale applications. Consequently, the use of alternative nutrient sources, including agricultural and industrial
wastewaters, has gained increasing interest as a sustainable and cost-effective solution.

The novelty of this study lies in the development of an integrated and circular approach that simultaneously addresses
wastewater remediation, biomass production, and biofuel generation using dairy wastewater as a growth medium for
Chlorella vulgaris. Specifically, this work not only evaluates microalgal growth performance and nutrient removal efficiency
but also extends to lipid extraction, biodiesel production, and detailed physicochemical characterization in accordance with
international standards. Thus, this study provides a comprehensive framework that bridges the gap between laboratory-
scale wastewater treatment and practical biofuel production systems. The primary objective is to demonstrate a
sustainable pathway for converting dairy wastewater into valuable bioenergy resources, with a possible reduction in
environmental impact and promoting waste valorization.

Perennial, 22(2): 61-74, 2026



Biodiesel Production Using Chlorella vulgaris ... 63

NS R C.Vulgaris I
Dairy wastewater | Diiad bioinacs
Bioreactor

Figure 1. Schematic representation of the full process production of 3rd generation biodiesel.

2. METHODS

Physicochemical Characteristics of Wastewater

A local dairy industry provided wastewater in glass bottles that had not been purified. To avoid bacterial
contamination, the solid particles were filtered with filter paper before being sterilized in an autoclave for 30 minutes. The
pH together with the NH3, NO3 and PO, content in the wastewater were measured.

The concentrations of ammoniacal nitrogen (NH3-N), nitrate nitrogen (NOs~-N), and orthophosphate (PO,*"-P) in
were determined using standard spectrophotometric methods.

Ammonium nitrogen (NH3-N/NH,*) was quantified using the indophenol blue method (Utomo et al. 2022). In this
procedure, ammonium reacts under alkaline conditions with hypochlorite and phenol in the presence of sodium
nitroprusside as a catalyst to form indophenol blue. The absorbance was measured at 640-660 nm using a UV-Vis
spectrophotometer, and concentrations were determined from a calibration curve prepared with ammonium chloride
standards.

Nitrate nitrogen (NO5™- N) was determined by UV spectrophotometry at 220 nm, with correction at 275 nm to account
for interference from dissolved organic matter (Hu et al. 2022).

Orthophosphate (PO,* - P) was measured using the ascorbic acid molybdenum blue method (Barman et al. 2024).
Under acidic conditions, orthophosphate reacts with ammonium molybdate and antimony potassium tartrate to form
phosphomolybdic acid, which is subsequently reduced by ascorbic acid to form a blue complex. The absorbance was
recorded at 880 nm, and concentrations were calculated using external calibration standards.

All measurements were performed in triplicate, and appropriate blanks and dilution factors were applied to account
for matrix effects associated with dairy wastewater.

Microalgae Strain and Cultivation in Dairy Wastewater

The cultivation of C. vulgaris strain was carried out for two weeks in Erlenmeyer flasks using BG11 medium and
stored in an incubator at 25 °C and under a fluorescent lamp. The oxygen was provided by an air-compressed system
with a CO, concentration of 5%. As dairy wastewater contains organic carbon leading a mixotrophic growth which requires
a reduction in CO; external demand compared (Abreu 2012). . Four dilutions of the diary wastewater in distilled water (10,
24,50, and 75 % v/v) were prepared and sterilized in an autoclave at 120°C for 30 minutes prior the use. Afterward, 25 x
108 cells/ml of C. vulgaris were added to each dilution and exposed to 3500 Lux at 25 °C. (Ratomski & Hawrot-Pa
2021).Cells counting was performed daily, by microscope (Olympus IX81 fluorescence microscope), until the stationary
phase was reached.

Nutrient Content in The Wastewater

Dairy wastewater contains several organic and inorganic components coming from the processing of the milk.
Ammonia, total nitrogen, and phosphate content were evaluated before and after the cultivation of C. vulgaris as it directly
affects not only the growth of the microalgae but also the quantitative and qualitative lipids content.

The nutrient removal in the media after algae cultivation was calculated using the following equation (Ratomski and
Hawrot-Pa 2021):

W (%) = % x 100 (1)

where, Cl and CN represent the average concentration of nutrients (mg/L) at the initial time and at time n, respectively
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Determination of Algal Biomass

A double beam UV-Vis spectrophotometer (UV-1800, Shimadzu) was used to identify the microalgae cell growth by
measuring the absorbance at 680 nm (Peter et al. 2021). The dry cell weight (DCW) was calculated as follows; 5 ml of
aliquots of culture was filtered by a cellulose acetate membrane filter (0.45 um pore size). Afterward, the filters were dried
for 8 h at 90 -C and by the weight of the empty and full filter, the DCW was calculated. Then, by the absorbance values at
680 nm, the biomass concentration was obtained. A blank sample of each culture combination was used to reduce the
interference of the medium color in the absorbance area. The filtrate was then centrifuged at 6000 rpm for 15 min; the
supernatant was collected and the pellet was lyophilized and used for further qualitative and quantitative analysis.

The biomass growth productivity (PB), expressed as (mg/L/d) was calculated by the equation below (Goh et al. 2019):

pp= 2" 2)
tr—t

While the specific growth rate, u (d*'), as follows:

In(W>—W1)

W= —= (3)

ty—tg
where, W1 and W, are the dry cell weight (mg/L) at time starting (t1) and ending (t,) time, respectively.

Extraction of Algal Oil from C. vulgaris

Algal oil was extracted following the sh method with minor modification (Davoodbasha et al. 2021). 5 mL of methanol
and 5 mL of chloroform were added to 100 mg of dried and ground algal biomass. The biomass-solvents mixture was
vigorously shaken for 30 minutes to favor the extraction. These steps were repeated twice to maximize the extraction yield.
Methanol: chloroform: distilled water (1:2:1) mixture was then added and the mixture again vigorously shacken and then
let to settle in a separating funnel. The solvent layer was separated by using anhydrous Na2SOs. The final product was
collected and dried in a ventilated oven at 50°C until a constant weight was achieved. The lipid content was quantified
gravimetrically.

Biodiesel Production and FAME Profile

The biodiesel was obtained by transesterification following the procedure reported in a previous work (Khan et al.
2023). In brief, 100 g of extracted algae oil was firstly heated at 120 °C for 15 min under stirring to remove the moisture
and then transferred to a 250 mL glass flask. Afterward, a 50 ml of methanol solution containing 2g of the catalyst (KOH)
was prepared. A defined volume of the methoxide solution was poured into the oil to have the alcohol: oil molar ratio of
12:1, and the reaction was left to run at 65 °C for 30 minutes.

Then, the solution transferred in a separating funnel and the two phases were left to separate by gravity. The biodiesel
was separated from the glycerol and washed one time with an acetic acid solution (1% v/v) and three times with distilled
water to remove side products, unreacted catalysts, and soaps. Then, the obtained biodiesel was heated at 150 °C for 30
min to remove the residual moisture coming from the washing process.

The biodiesel yield was calculated using the following equation (Roosta & Bardool 2019):

Mp
MO

Y = (4)

where, Y represents the yield (g), Mb is the mass of biodiesel (g), and Mo is the mass of algae oil (g).

The qualitative and quantitative analysis of the obtained product was performed by gas chromatography (FID
detector) using a well established methodology (Khan et al. 2023).

The sample was directly collected from the separation funnel and before being analyzed, the biodiesel was washed
as reported above.

The following gas chromatography setup has been used: capillary column 30 x 0.31 x 0.25; helium as gas carrier,
flow rate of 1 mL/min; temperature injection 280 °C; temperature detector 300°C; and temperature ramp 10 °C/min starting
from 220 °C.

The total FAME (Fatty Acid Methyl Esters), expressed in percentage, was calculated referring to the total mass of
the biodiesel using the following equation (Roosta & Bardool 2019):

FAME (%) = £ x 100 (5)
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where m is the mass of each fatty acid (g) and b is the total biodiesel mass (g).
The measurements were performed in triplicate and the obtained results compared to the EN 14214 standard.

Biodiesel Physical-Chemical Evaluation

1. Kinematic Viscosity

The kinematic viscosity represents one of the reasons why biodiesel is used as an alternative fuel instead of using
directly vegetable oils or animal fats (Hossain & Davies 2010). The kinematic viscosity of the biodiesel, the petrol-diesel,
and their blends has been measured following the EN ISO 3104 and EN ISO 3105 procedures. According to EN ISO 3104,
05, the kinematic viscosity must be in the range of 1.9 and 6.0 mm?¥’s for the. The dynamic viscosity was determined using
Anton-Paar MCR 502 at 40 °C as already described in the report in our previous work (Khan et al. 2023). Each
measurement has been performed in triplicate at three shear rates: 7.5 s7"; 15 s and 37 s71.

By knowing the dynamic viscosity, the kinematic viscosity was obtained by the following equation:

v=1 ©)

where, v, n, p, are the kinematic viscosity (m?/s), the fluid density (kg/m?), and the dynamic viscosity (Pa's), respectively.

2. Calorific Value

The calorific value was measured by the oxygen bomb calorimeter following the ASTMD240-14 standard. The
calorimeter was calibrated using benzoic acid at 20 °C (Verevkin et al. 2022).

3. Flash Point

The flash point of the biodiesel, fossil diesel, and their blends was measured with a Pensky—Martens closed-cup
apparatus following the protocol reported by the EN 14214 standard. According to the EN standard, the minimum
temperature is 101 °C.

4. Density

The density is defined as the mass per unit volume. In biodiesel, there is a reverse correlation between the molecular
weight of the fatty acid chains and the amount of unsaturation. In other words, the density increases when the molecular
weight and the unsaturation decrease (Giakoumis 2013). Generally, biodiesel fuels have a higher density than fossil diesel
and produce more than three times the energy of the same amount of fossil fuel (Tesfa et al. 2010).

The biodiesel density was measured following the EN ISO (International Organization for Standardization) 12185 test
method. The EN 14214 sets the density at 15 °C at between 860-900 kg/m?.

5. Cetane Number

The cetane number (CN) represents the ignitability of the fuel. The CN is a fundamental property of biodiesel and is
critical during engine start, especially in cold conditions. CN is defined as the percentage by volume of the normal cetane
in a mixture of normal cetane and a-methyl naphthalene that has the same ignition characteristics (ignition delay) as the
test fuel when combustion is carried out in a standard engine under specified operating conditions (Hossain & Davies
2010).The CN requirement for the engine depends on the composition of the fuel, which is related to the feedstock
(Demirbas 2007). CN decreases as unsaturation increases. A low cetane number leads to a long ignition delay; conversely,
biodiesel containing low unsaturated fatty acids has a higher CN, meaning a fast and smooth engine operation (Nabi et al.
2009; Chalatlon et al. 2011). Compared to fossil diesel, the CN in biodiesel is generally higher.

6. Elemental Analysis
The biodiesel and diesel content in carbon, hydrogen, nitrogen, sulfur, and oxygen has been measured by Thermo
Scientific Flash 2000 CHNS/O.

Generator Performance Test

To evaluate the engine performance using the biodiesel-made oil extracted by C. vulgaris cultivated in dairy
wastewater, alone and blended with the fossil diesel, the electric generator tests were performed.

The generator was fueled with pure biodiesel (100%) and with biodiesel-diesel blends at 10, 25, 50, and 75%
biodiesel.

Perennial, 22(2): 61-74, 2026



66 Kadir Ozaltin, Damiano Spagnuolo, Antonio Di Martino

The electric generator (Denyo DA-2805) connected to an electric dynamometer operated at 100%, 75%, 50%, 25%,
and 0% of loading and 3,000 rpm.

At each load percentage, the following were measured; i) the engine speed; ii) the fuel flow rate; and iii) the brake
torque. The concentration of CO, CO-, and NOx emitted were also monitored by an emission analyzer (Testo model 350XL),
and the smoke concentration by a smoke meter (HORIBA model MEXA-130S).

The brake-specific fuel consumption (BSFC) was calculated as follows (Emaish et al. 2021)

BSFC = L= (7)

Pp
where, F is the fuel mass flow rate (kg/s) and Py, the brake power output (kW).
Statistical Analysis
All the experiments were performed in triplicate and the average values with standard deviation (SD) are reported.
3. RESULTS AND DISCUSSION

Effect Of Wastewater Dilution on C. vulgaris Biomass
In Table 1 the physicochemical characteristics of the wastewater used for growing algae are reported (mg/L).

Table 1. Chemical characteristics of the wastewater used for algae growing. Values are expressed in mg/L

Parameters Values
NH;3 52
NOs 69
PO 600
pH 8

The influence of dairy wastewater dilution (10, 25, 50, and 75% v/v in distilled water) on the biomass production of
Chlorella vulgaris is presented in Figure 2A. Algal growth in wastewater-based media was compared with that in the control
BG11 medium. Overall, a non-linear response was observed, with maximum biomass productivity recorded at 50% dilution
(3.59 g L"), followed by 25% dilution (3.13 g L™"). The control medium yielded 2.05 g L™, whereas significantly lower
biomass concentrations were obtained at 75% (0.78 g L™") and 10% (0.57 g L™") dilutions. A corresponding effect on
growth kinetics was also observed. At the two extreme dilutions (10% and 75%), cultures reached the stationary phase
after approximately 10 days. In contrast, cultures grown at 25% and 50% dilution exhibited prolonged exponential growth
and entered the stationary phase only after 12 days. For comparison, C. vulgaris grown in BG11 medium typically requires
14-16 days to reach the stationary phase under similar conditions (Chew et al. 2018), indicating that wastewater
composition significantly modifies growth dynamics.

The observed biomass trend can be attributed to the balance between nutrient availability and environmental
stressors. At intermediate dilutions (25-50%), dairy wastewater provides sufficient concentrations of bioavailable nitrogen
and phosphorus to support rapid cell division and sustained metabolic activity. In contrast, higher dilution (10%) results in
nutrient limitation, restricting protein synthesis and photosynthetic efficiency, which in turn suppresses biomass
accumulation. Conversely, at higher wastewater concentrations (75%), despite increased nutrient availability, biomass
production was reduced. This effect is likely associated with inhibitory factors such as increased turbidity and colour
intensity of dairy effluent, which reduce light penetration and limit photosynthetically active radiation reaching the cells.
Since light availability is a key determinant of microalgal productivity, reduced irradiance can significantly impair growth
even under nutrient-replete conditions (Khalaji et al. 2021). In addition, potential accumulation of organic and inorganic
inhibitory compounds in undiluted wastewater may further contribute to growth suppression. The control medium, while
chemically defined and transparent, supported lower biomass compared to optimal wastewater dilutions, highlighting the
beneficial role of wastewater-derived nutrients. Continuous 24 h illumination using LED light sources on both sides of the
photobioreactor minimized diel light limitation and ensured consistent photosynthetic activity across conditions.

These findings underline that both nutrient concentration and optical properties of the cultivation medium play critical
roles in determining C. vulgaris growth performance, and that an optimal wastewater dilution is essential to balance nutrient
supply with light availability.
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Figure 2. A) Biomass concentration expressed in g/L versus time (days) at different wastewater dilutions. Control represents water as
a growing medium. The data are expressed as the average with the respective SD (n=3); B) biomass growth productivity (PB) and
biomass growth rate () at different wastewater dilutions (v/v in %). The results refer to the 14t day of cultivation. The average values
are reported with the SD (n=3).

Table 2. Dry cell weight content (DCW), biomass productivity (Pb), and specific growth rate (u) of C. vulgaris grown in control media
and dairy wastewater and various dilutions. Support of Figure 2B

Growing Media DCW (g/L) Pb (mg/L/d) H(d)
Control 2.05+0.08 0.12+£0.01 0.12+£0.02
10% 0.57 £ 0.01 0.02 £ 0.01 0.05+0.01
25% 3.13+0.02 0.21+£0.03 0.18 £0.03
50% 3.59 £ 0.06 0.25+0.01 0.19 £0.03
75% 0.78 £ 0.02 0.03 +0.01 0.07 £ 0.01

In Table 2, the calculated parameters including daily biomass productivity and basic growth rate of C. vulgaris on the
14" day are resumed. Although the medium with lower dilution was the lightest in color intensity after the control, the
biomass productivity measured was almost 6 times lower than in the control.

As reported in a similar work (Peter et al. 2021).the reduction in biomass growth could be ascribed to the lack of
nutrient supply in the culture medium. For an optimal cultivation process, a proper mix of nutrient sources with adequate
light penetration must be ensured. Thus, it is not desirable to entirely substitute the inorganic medium (Machado et al.
2020). Other influencing factors such as temperature, and CO, supply were kept constant during the cultivation process
to avoid any additional influences on biomass development (Eloka-Eboka & Inambao 2017).

Effect of Different Dilutions of Wastewater on Nutrient Removal

The data in Table 3 shows a difference between nitrates, phosphate, and ammonia biological removal at different
wastewater dilutions. The higher values of nitrate and ammonia removal are observed at 75% dilution, while phosphate is
at 50%. The lowest values for all the parameters are at 10% dilution.

Table 3 Removal of nitrate, phosphate, and ammonia from wastewater at different dilutions by the microalgae after the 14t day of
growing

Wastewater Dilution (v/v)

Parameters 10% 25% 50% 75%
NO3 1714+ 0.03 19.23 £ 0.01 29.16 £ 005 38.34 £ 001
PO, 19.87 % 0.01 23.44 +0.01 39.72 £ 0,01 39.07 + 0,01
NHs 19.53 + 0.01 36.18 + 0,01 41.94 +0.01 4361 £ 001

The reason for efficient performance in wastewater and effluent of the dairy industry may be the presence of enough
nutrients, including nitrogen and phosphorus, essential microalgae growth. Previous works (Kothari et al. 2013; Khalaji et
al. 2021) have shown that algae need NHs-N and phosphorus to produce amino acids and phospholipids respectively
(Barsanti & Gualtieri 2014). In another study dealing with the isolation of Chlorella vulgaris from pig wastewater and its
ability to remove nutrients from untreated wastewater, it has been reported that total nitrogen removal after 12 days is 90%
which concerns the ability of C. vulgaris to absorb nitrogen; this study is consistent with the present study.
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Lipid Extraction from Chlorella vulgaris Biomass

Chlorella vulgaris was identified as the dominant microalgal species in the sampled environment, exhibiting enhanced
biomass productivity and lipid accumulation potential (Ratomski & Hawrot-Paw 2021; Khalaji et al. 2021; Zhang et al.
2014). The total lipid content of the cultivated biomass was 24 + 2%, with variation dependent on the cell disruption strategy
employed (data not shown). This value exceeds that reported previously for comparable systems, where a lipid content of
18.7 wt.% was obtained (dos Santos et al. 2015), indicating improved lipid accumulation under the present conditions.

Lipid recovery from microalgae is strongly governed by the efficiency of cell disruption, which facilitates the release
of intracellular lipids through the breakdown of rigid cell wall structures into the surrounding medium (Kumar et al. 2014;
Couto et al. 2022). In this study, a mechanical grinding approach was employed to enhance cell disruption and maximise
lipid liberation. Following grinding, a lipid yield of 3 mg L™" was obtained for C. vulgaris. These results are consistent with
previous reports (Nguyen et al. 2019) and further demonstrate the robustness and scalability potential of the applied
disruption method for downstream lipid recovery processes.

Physical-Chemical Characterization

1. Biodiesel Yield, Kinematic Viscosity, Density, and Calorific Value

In the Table 4 the physical-chemical properties of biodiesel obtained by C. vulgaris compared to diesel and the EN
and ASTM values are illustrated.

Table 4. Physical-chemical properties of biodiesel obtained by C. vulgaris compared to diesel and the EN and ASTM values

Biodiesel from

) Diesel EN14214 ASTM D61
C. vulgaris

Yield (g/100g oil) 93+4
K.Viscosity (40 °C mm2/s2)

75s" 49+0.3

15 ¢ 43+ 01 26 3.5-5.0 1.9-6.0

37 s 41104
Calorific value (MJ/kg) 37514 42.2
Density (15 °C, g/cmd) 0.875+0.019 0.850 0.860-0.900 0.880
Flashpoint (°C) 1312 73 101 min 130 min
Cetane number 50.21 £ 0.13

(36.19 £ 0.13)" 56.66 + 0.19

Carbon 81.1 87.1
Hydrogen 10.6 13.6
Oxygen 7.5
Nitrogen 0.8
CH 7.6 6.4

*cetane number of oil extracted from C. vulgaris

A previous study reported that optimal transesterification conditions using methanol and KOH can significantly
enhance biodiesel yield (Khan et al. 2023). However, that work was based on alternative lipid feedstocks, namely sunflower
and rapeseed oils. The optimized reaction parameters included a methanol-to-oil molar ratio of 12:1, KOH as catalyst (40
mg mL~" methanol), and reaction conditions of 65 °C for 30 min.

In the present study, applying identical reaction conditions yielded a biodiesel conversion efficiency of 93 + 4%, which
is marginally lower than that reported for rapeseed and sunflower oil under comparable conditions. Nevertheless, when
benchmarked against studies employing Chlorella vulgaris as feedstock (Asadi et al. 2020; Scarponi et al. 2021;
Katircioglu Sinmaz et al. 2023), the obtained yield remains highly competitive and exceeds the commonly reported
threshold of 90 g per 100 g of oil (Table 4), indicating efficient conversion under the applied protocol.

From an application perspective, fuel viscosity is a critical parameter in biodiesel utilization, as it directly influences
fuel atomization, engine startability, and overall combustion performance. In particular, kinematic viscosity at 40 °C is a
key specification defined in biodiesel and petroleum diesel standards. As previously reported for KOH-catalysed
transesterification systems, viscosity is strongly dependent on reaction conditions, particularly the alcohol type and the
alcohol-to-oil molar ratio (Sharma et al. 2020).

In this study, kinematic viscosity at 40 °C, determined according to EN standard methods, ranged from 3.6 to 5.2
mm?2s~*, showing an inverse relationship with shear rate. Specifically, higher shear rates resulted in lower viscosity values,
consistent with shear-thinning behaviour during measurement. However, viscosity values across all shear rates were
statistically comparable, indicating no significant differences between conditions.
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Together with the kinematic viscosity, the biodiesel density provides information to predict the engine power
performance and consequently the fuel consumption (Aydin 2020). The biodiesel's density is related to the purity of the
feedstock, the fatty acids composition, and the total content. The density at 15°C was 0.875 + 0.019 and it represents an
acceptable value as it falls in the required range of 0.860 — 0.900 gm/cm3

The calorific value is the thermal energy released by the combustion of a unit of fuel, giving the energy content of the
fuel (Dey et al. 2021). As for the viscosity, the calorific value depends on the nature of the feedstock and only in minor by
the transesterification conditions. Using C. vulgaris as an oil source, the calorific value of the produced biodiesel was 37.5
* 1.4 MJ/Kg, which is a positive value in line with the EN 14214 and ASTM D6751 requirements.

2. Flash Point

The flash point is the lowest temperature at which a sufficient concentration of vapors is released from the fuel, which
upon mixing with air ignite (Santos et al. 2020). The presence of fatty acid methyl esters is responsible for the higher
biodiesel flashpoint compared to the fossil diesel making it safer to handle at high temperatures. As biodiesel, in the
automotive, is used in a mixture with fossil diesel, the flashpoint of pure biodiesel and blends of biodiesel-diesel has been
evaluated and the results are reported in Figure 3.
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Figure 3. Correlation between flash point (°C) and biodiesel content in the biodiesel-diesel mixture. 0% diesel, 100% pure biodiesel.
The average value and the S.D. are reported (n=3).

The flash point of pure biodiesel varies according to the source and the quality of the oil; herein the flash point
temperature obtained was 131°C, almost double that of the fossil diesel 73°C. As already reported (Khan et al. 2023), in
biodiesel-diesel blends, by increasing the content of biodiesel, the flash point decreases in a quasi-linear correlation. The
clear correlation between the biodiesel quantity in a diesel-biodiesel blend and its flash point. This means that the
experimental determination of a flash point temperature also provides information regarding the biodiesel content of diesel-
biodiesel blends. Conversely, if the percentage of biodiesel in a diesel-biodiesel blend is known, the flashpoint can be
estimated if the flashpoints of diesel and pure biodiesel are known. From the obtained results, it is also clear that, for
diesel-biodiesel blends with lower contents of biodiesel, the flash point is mainly determined by that of the mineral diesel.

3. FAME composition

The lipids extracted from C. vulgaris were 24% of the dried weight (30 g of the algal dried biomass). The content,
obtained by gravimetric analysis, makes the selected biomass and its growing approach a suitable strategy for the 3
generation type biodiesel production.

Itis well established that the quality of the biodiesel is determined by the fatty acid content, in particular their molecular
weight and the saturation and unsaturation degree. Biodiesels containing saturated and mono-unsaturated fatty acids
result in superior quality as reported by international standards. The FAME (Fatty Acid Methyl Ester) profile of the obtained
biodiesel from C. vulgaris biomass is resumed in Table 5. The data shows a major content of saturated and mono-
unsaturated FAME. The mains are Tridecanoic acid (C13:0), Palmitic acid (C16:0), Erucic acid (22:1) Myristoleic acid
(C14:1), Linolelaidic acid (C18:2), G Linolenic acid (C18:3). The obtained results indicate that the biodiesel obtained from
Chlorella vulgaris cultivated in dairy wastewater has 33.53% saturated, 28.68% monounsaturated and 37.12%
polyunsaturated fatty acids content (Davoodbasha et al. 2021).
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Table 5. Fatty Acid Methyl Ester (FAME) present in biodiesel from C. vulgaris cultivated in dairy wastewater. The content is expressed
in percentages referring to the total amount of FAME.

FAME (Fatty Acid Methyl Ester) (%)
Tridecanoic acid (13:0) 4.02
Myristoleic acid (14:1) 7.95
Palmitic acid (16:0) 52.4
Stearic acid 17.3
Linolelaidic acid (18:2) 6.83
Linoleic acid (18:3) 7.90
Oleic acid 5.21
cis, 11, 14-Eicosadienoic acid (20:2) 4.70
Arachidonic acid(20:4) 3.09
Erucic acid (22:1) 4.46
Tricosanoid acid (23:0) 3.33
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Figure 4. A) brake thermal efficiency (%) and B) brake specific fuel consumption VS BMEP in various biodiesel-diesel blends. 0%=
pure diesel; 100% = pure biodiesel. Average values are reported with SD (n=3)

As shown in Figure 4A, the brake thermal efficiency increases consistently with increasing BMEP for all tested fuel
blends. At low engine load (0.10 MPa), BTE values are relatively low (=11-13%), which can be attributed to incomplete
combustion and higher relative heat losses. As the load increases to 0.30-0.40 MPa, BTE rises significantly, reaching
maximum values of approximately 26-27%. This trend is widely reported in compression ignition engines and is associated
with improved combustion efficiency at higher loads, where a larger fraction of the fuel energy is effectively converted into
useful work (Rakopoulos et al. 2006; Lapuerta et al. 2008). A slight variation in BTE can be observed among the different
blends. Higher blend ratios tend to exhibit marginally lower BTE compared to the baseline fuel (0%), particularly at higher
loads. This behavior is commonly attributed to the lower calorific value and higher viscosity of biodiesel fuels, which can
impair fuel atomization and air—fuel mixing, leading to less efficient combustion (Knothe 2010; Xue ef al. 2011).
Nevertheless, the relatively small differences observed indicate that the blends maintain comparable thermal efficiency to
conventional diesel under most operating conditions, consistent with previous studies on biodiesel-diesel blends (Lapuerta
et al. 2008).

Figure 4B shows the variation of BSFC with BMEP, exhibiting an inverse trend compared to BTE. BSFC decreases
sharply with increasing engine load for all tested fuels. At low BMEP (0.10 MPa), BSFC values are significantly higher
(=750-900 g/kWh), reflecting inefficient fuel utilization due to incomplete combustion, higher heat losses, and a greater
proportion of frictional power relative to brake power (Rakopoulos et al. 2006). As the load increases, BSFC decreases
substantially, reaching minimum values in the range of 380-470 g/kWh at 0.30-0.40 MPa. This improvement is attributed
to enhanced combustion efficiency and better utilization of the supplied fuel energy at higher loads (Xue et al. 2011).

Regarding the effect of fuel blends, higher biodiesel proportions generally lead to increased BSFC across all operating
conditions. This is primarily due to the lower heating value of biodiesel compared to petroleum diesel, requiring a greater
mass of fuel to generate the same power output (Knothe 2010). Additionally, differences in fuel properties such as density
and viscosity may influence injection characteristics and combustion behavior (Xue et al. 2011). The increase in BSFC is
more pronounced at lower loads, where combustion inefficiencies are already significant. At higher loads, however, the
differences between blends become less distinct, suggesting improved combustion of biodiesel blends under these
conditions, likely due to their inherent oxygen content, which promotes more complete combustion (Lapuerta et al. 2008).
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Overall, the combined analysis of BTE and BSFC indicates that although biodiesel blends—such as those potentially
derived from microalgal sources—may slightly reduce engine efficiency and increase fuel consumption, their performance
remains comparable to that of conventional diesel, particularly at medium to high engine loads. These findings are
consistent with the broader literature and support the feasibility of biodiesel as a sustainable alternative fuel without
requiring significant engine modifications (Xue et al. 2011).

Figure 5 presents correlations between biodiesel concentration and the variation in emissions. As increasing biodiesel
concentration, CO and smoke emissions decreased, while NOx and CO; increased. The percent change in emissions of
CO;,, NOy, CO, and smoke, using pure-form biodiesel, was +18%, +15%, -60%, and -19%, respectively. These results
were attributed to the improvement of combustibility and the increase in combustion temperature due to oxygen-containing
biodiesel.
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Figure 5. Variation of CO, CO2, NOyx, and smoke emissions in different blends of diesel-biodiesel. The variation is expressed as a
percentage in comparison to the emission from diesel. (0%= pure diesel considered as zero point; 100% = pure biodiesel). Average
values are reported with SD (n=3)

4. CONLUSION

This study demonstrates that dairy wastewater represents a promising cultivation medium for Chlorella vulgaris,
enabling enhanced lipid production for biodiesel applications. The nutrient-rich composition of dairy effluent, particularly
its elevated nitrogen and phosphorus content, supports robust algal growth while simultaneously enabling the valorisation
of a nutrient-laden waste stream. Compared with conventional growth media, cultivation of C. vulgaris in dairy wastewater
resulted in increased lipid accumulation (33 % saturated, 28 % monounsaturated and 37 % polyunsaturated), highlighting
the potential of wastewater-based cultivation strategies to enhance lipid biosynthesis. In addition, this integrated approach
couples biomass production with wastewater treatment, thereby contributing to the mitigation of environmental impacts
associated with dairy effluents.Despite these promising outcomes, several limitations should be acknowledged. The study
was conducted under controlled laboratory conditions, which may not fully replicate the variability and complexity of real
wastewater systems at industrial scale. Furthermore, only a limited set of operational parameters and a single algal strain
were evaluated, restricting broader generalisation. Additional constraints include the lack of long-term cultivation stability
assessment and limited techno-economic analysis, which are essential for evaluating large-scale feasibility.Overall, the
dual role of dairy wastewater as both a growth substrate and a remediation agent underscores its potential as a sustainable
feedstock for microalgae-based biodiesel production. Future work should focus on process optimisation, scale-up
validation, and integrated life-cycle and economic assessments to fully establish its viability within a circular bioenergy
framework.
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  W  ( % ) =     C  I −   C  N    C  I   × 100


  P B =       W 2 −   W 1    t 2 −   t 1


  µ =      ln ⁡  (   W 2 −   W 1 )    t 2 −   t 1


  Y =       M  b    M  o


  F A M E    ( % ) =      ∑  m  b   × 100


  v =    ƞ ρ


  B S F C =       F  c    P  b

